Abstract A population pharmacokinetic-pharmacodynamic-disease progression (PK/PD/DIS) model was developed to characterize the effects of anakinra in collagen-induced arthritic (CIA) rats and explore the role of interleukin-1b (IL-1b) in rheumatoid arthritis. The CIA rats received either vehicle, or anakinra at 100 mg/kg for about 33 h, 100 mg/kg for about 188 h, or 10 mg/kg for about 188 h by subcutaneous infusion. Plasma concentrations of anakinra were assayed by enzymelinked immunosorbent assay. Swelling of rat hind paws was measured. Population PK/PD/DIS parameters were computed for the various groups using non-linear mixed-effects modeling software (NONMEM Ò Version VI). The final model was assessed using visual predictive checks and nonparameter stratified bootstrapping. A two-compartment PK model with two sequential absorption processes and linear elimination was used to capture PK profiles of anakinra. A transduction-based feedback model incorporating logistic growth rate captured disease progression and indirect response model I captured drug effects. The PK and paw swelling versus time profiles in CIA rats were fitted well. Anakinra has modest effects (I max = 0.28) on paw edema in CIA rats. The profiles are well-described by our PK/PD/DIS model which provides a basis for future mechanism-based assessment of anakinra dynamics in rheumatoid arthritis.
Introduction
Rheumatoid arthritis (RA) is a chronic, systemic, autoimmune and inflammatory disorder which may lead to crippling disability and premature mortality. It affects about 1% of the population worldwide, and 75% of those afflicted are women [1] . Patients experience severe pain and swelling in the joints leading to erosions of inflamed sites, joint deformity, disability, and reduced life expectancy [2, 3] . Four major types of drugs used to treat RA are: non-steroid anti-inflammatory drugs (NSAID), disease-modifying anti-rheumatic drugs (DMARD), biologic agents, and corticosteroids. However, a 'cure' or a treatment-free remission remains an elusive goal and significant inter-individual differences in therapy outcomes occur. The pathogenesis of RA remains unclear, which increases the difficulties in selection of drug therapy and for drug development [4, 5] . On the other hand, RA has become a prototype for the application of knowledge of molecular pathogenesis for development of new treatments, especially for biological agents, which offers a good opportunity to investigate disease progression using these as probe agents.
Parallel advances in research on the pathogenesis of RA and cytokine biology converged on TNF-a and IL-1b as key factors in joint pathology. TNF-a is implicated in inflammation with diverse systemic effects, whereas IL-1b is thought to play an important role in joint destruction [6, 7] . This cytokine is mainly secreted from macrophages and is present in the synovial tissue and fluids of RA patients. After binding with IL-1 receptor I and IL-1 receptor accessory protein to form a ternary complex, two major signaling pathways are activated: the mitogen activated protein kinase pathway and the NFjB pathway. Both signals induce the synthesis of PGE 2 , cytokines, chemokines, and matrix metalloproteinases, which are responsible for articular inflammation and cartilage breakdown [7] [8] [9] .
Three drugs targeting IL-1b are approved to treat inflammation-related diseases: anakinra, rilonacept, and canakinumab [10] . Anakinra is an N-terminal-methionylated, non-glycosylated version of human IL-1 receptor antagonist (IL-Ra), which competitively blocks the actions of IL-1 without any detectable agonist activity. It contains 153 amino acids and has a molecular weight of 17.3 kDa. Compared to anti-TNFa drugs, anakinra modestly improves RA symptoms without major adverse infectious events [11] . Anakinra also has been used in treatment of adult onset Still's disease, systemic onset juvenile idiopathic arthritis, osteoarthritis, and type 2 diabetes [9] . Despite some reports concerning anakinra effects in patients with autoimmune and inflammatory diseases, limited information is available regarding the complete time profile of dynamic changes, interactions between cytokines, in vivo systemic effects, and its mechanisms in these diseases. This is of special importance because of the nature of RA as a chronic progressive disease and possibilities of multiple therapeutic interventions.
Collagen-induced arthritis (CIA) is an animal disease model which closely resembles several aspects of RA. It offers the most obvious success for cytokine inhibitors [12, 13] . PK/PD/DIS modeling can quantitively interpret disease progression and assess drug effects in a mechanistic manner [14] [15] [16] . We utilized the CIA rat model to investigate the effects of dexamethasone and developed a mechanistic small systems model that reflects the complexities among the important cytokine mediators and their influences on disease endpoints [17, 18] . However, dexamethasone affects several key mediators in RA. Our goal is to advance PK/PD/ DIS modeling to describe the role of IL-1b on disease endpoints in CIA rats to better understand the pharmacology of anakinra and the role of IL-1b in RA pathogenesis. We sought inter-individual variability of model parameters using a population method.
Methods

Drug
Anakinra (100 mg/0.67 mL/syringe) was manufactured by Amgen Inc. (Thousand Oaks, CA). Anakinra was diluted with injection solution (pH 6.5) composed of: 1.9 mg/mL sodium citrate, 8.2 mg/mL sodium chloride, 0.18 mg/mL disodium EDTA, and 1.0 mg/mL polysorbate. This diluted solution was stored at 2-8°C before use.
Animals
Thirty-eight male Lewis rats, aged 6-9 weeks, were purchased from Harlan (Indianapolis, IN), weight-matched to approximately 150 g. Animals were housed individually in the University Laboratory Animal Facility and acclimatized for 1 week under constant temperature (22°C), humidity (72%), and 12-h light/12-h dark cycle. Rats had free access to rat chow and water. All protocols followed the Principles of Laboratory Animal Care (Institute of Laboratory Animal Resources, 1996) and were approved by the University at Buffalo Institutional Animal Care and Use Committee.
Induction of collagen-induced arthritis
The induction of collagen-induced arthritis in Lewis rats followed protocols and reagents supplied by Chondrex, Inc. (Redmond, WA). Porcine collagen type II (2 mg/mL) in 0.05 M acetic acid was emulsified with incomplete Freund's adjuvant (Sigma-Aldrich, St. Louis, MO) following procedures described in our earlier study [18] .
Experimental design
To obtain intensive PK profiles of anakinra in rats, a pilot study was conducted in two healthy rats. They received a subcutaneous (SC) infusion of 20 mg/kg of anakinra for 1 week by implanting Alzet osmotic pumps (Durect Corporation, Cupertino, CA) between the shoulder blades allowing a continuous infusion until depletion of drug in pumps. Mini-pumps were implanted at 0 h and were removed at 168 h. Blood samples were collected from the saphenous vein at 0.5, 1, 1.5, 3, 6, 12, 24, 72, 120, 144, 168, 168.5, 169, 170, 171, 173, 176, 180 , and 192 h post-dose.
After evaluation of paw edema induction on day 20, 24 CIA rats with paw size increases of at least 50% in one or two paws were selected and randomly assigned to four groups. Each group received either injection solution (Group 1) for short term (&33 h, n = 3) or long term (&188 h, n = 3), 100 mg/kg for short-term (&33 h, Group 2, n = 6), 100 mg/kg for long-term (& 188 h, Group 3, n = 6), or 10 mg/kg for long-term (&188 h, Group 4, n = 6) of anakinra. Dosing started from day 21 post-induction. Serial blood samples were collected at post-dose 3, 8, 28, and 48 h in short-term groups (3 control animals and Group 2) as well as at post-dose 3, 8, 24, 48, 96, 168, 180, 192 , and 204 h in long-term groups (3 control animals, Group 3, and Group 4). Blood samples were centrifuged at 2,000g for 10 min at 4°C. Plasma samples were immediately transferred into siliconized tubes on ice and stored at -80°C.
Measurement of edema and body weight
Edema was assessed by size of the rat hind paws [18] . Two cross-sectional areas were determined with digital calipers (VWR Scientific, Rochester, NY), one area on the rat forefoot (paw) and the other at the ankle. Two measurements were made on each section, perpendicular to each other, to define the length and height of the ellipse from which the area was determined. Measurements were made side-to-side and top-to-bottom across the paw at the base of the last food pad. Ankle measurements were made side-to-side (length a) and front-to-back (length b) at a 45°angle across the ankle. The area contained in the ellipse is: Area = p Á a/2 Á b/2. Edema was indicated by the sum of the paw and ankle area measures for each hind foot. Paw size measurements and body weights were obtained before induction (0 day) and post-induction 3, 7, 12, 15, 17, 19, 21, 22, 23, 25, 27, 29, 31 (only for long-term treatment), 33, and 46 (long-term treatment) or 47 (short-term treatment) days.
ELISA methodology
Anakinra plasma concentrations were measured by an anti-human IL-1ra ELISA kit (R&D Systems, Inc. Minneapolis, MN). Rat plasma samples, along with standard, quality control (QC), and unknown samples, were diluted 100-fold using calibrator diluent buffer before assay; otherwise, procedures followed the manufacturer's instructions. The standard curve range was 5.0-250 ng/mL and was fitted to a loglog calibration line. Two concentrations of QC samples, 25 and 200 ng/mL, were used to determine accuracy and precision of measurements. Samples with concentrations above the upper standard were further diluted 5-100-fold. The ELISA kit was validated by R&D Systems showing that the method is specific for human IL-1ra (no significant cross-reactivity between human IL-1ra and rat recombinant IL-1a, IL-1b, or IL-1ra), acceptable precision (CV%, inter-and intraassay precision less than 11%) and accuracy (relative accuracy, mean 86%) [19] . Concentrations below the lower standard were reported as undetectable. Use of this ELISA kit for anakinra has been previously reported [20, 21] . The stabilities of anakinra at 4°C for 3 days and after 100-fold dilution were also confirmed.
Statistical analysis
The PK data was preliminarily analyzed by non-compartmental analysis using Phoenix WinNonlin software (Pharsight Corporation, Cary, NC) to evaluate linearity over the dose range of 10-100 mg/kg and consistency of PK profiles between healthy and CIA rats. The dose-normalized AUC values across different dose levels were compared by analysis of variance (ANOVA) and StudentNewman-Keuls (comparing any two treatment groups) using SPSS software version 17 (IBM SPSS Statistics, Chicago, IL). To test drug effects, the differences in area under paw size-time curve (AUEC) from dosing time to the end of study between control and dosing groups were also tested by ANOVA and Dunnett's post-hoc test (comparing each treatment to control group) using SPSS.
Population PK/PD/DIS analysis
The PK profiles in healthy and CIA rats were analyzed using a two-compartment model with two sequential absorption processes (zero-order absorption (k 0 ) followed by first-order absorption (k a )) and linear elimination based on the evaluation of PK profiles and literature results (Fig. 1 ). The equations and initial conditions are
where A a , A 1 , and A 2 are amounts of drug in the absorption, central and peripheral compartments, CL is elimination clearance, CL d is distribution clearance, V 1 and V 2 are volumes of the central and peripheral compartments, and T lag is the duration of k 0 or lag time of k a . The plasma concentration (Cp) is A 1 /V 1 . Because of limited PK data in the absorption and elimination phases for CIA rats, V 1 and V 2 were fixed to literature values [22] and fitting results from healthy rat data. Three different PD models, indirect response model I combined with simple feedback model (model A) [23] , feedback model containing natural growth (model B) [24] , and transduction-based feedback model (model C, Fig. 1 -final model), were tested. In model A, paw size was kept constant before disease onset, after which paw size was driven by a paw size-dependent production rate constant (k in(t) ) and first-order loss rate constant (k out ). The assumption about constant paw size before disease onset was a test situation. Model B added a zero-order rate constant (k growth ) to describe natural growth of paw size as well as a modified time-dependent production rate constant (k in(t) ) as decreasing exponentially to capture the dramatic increase and natural remission of paw size. Both models estimated paw size at infinite time as either the initial condition or much a lower value. Model C had the best goodness-of-fit and agreement with disease progression mechanism. The equations for the selected model are
where T 1 , T 2 ,ÁÁÁÁÁÁ, T n (n = 25) are paw size (Paw) in transduction compartments, k t is transduction rate constant, k dis is the ratio of maximum paw size to Paw 0 at disease steady-state without remission and drug effects, I maxd and IC 50d are maximum effect of anakinra on paw size and anakinra concentration at 50% of I maxd , E maxr and EC 50r are maximum effect of natural remission and paw size difference at 50% of E maxr , k growth is natural growth rate constant of paw size in healthy rats, and k in is the transduction rate constant between compartment T 19 and Paw. A sequential population model was developed using nonlinear mixed-effects modeling as implemented in NONMEM (Version VI, Level 1.2; ICON Development Solutions, Ellicott City, MD) interfaced with Wings for NONMEM (WFN Version 600). All fitting procedures were conducted with Windows Server 2003 (R2) with the Intel Visual Fortran Compiler (Version 9.1). Graphical analyses were performed using S-Plus (TIBCO Spotfire, Somerville, MA) software.
All treatment groups were fitted simultaneously. The first-order conditional estimation with interaction method (FOCEI) in NONMEM was used to estimate PK/ PD/DIS model parameters. The inter-individual variabilities associated with various PK and PD parameters were evaluated using an exponential model. The residual variability was tested with proportional, additive, and combined proportional and additive models. The most appropriate pharmacostatistical model was selected on the basis of: (1) a low value of the objective function; (2) a low value of intra-and inter-individual variability; (3) good agreement of observed and predicted values (plasma concentration and paw size); (4) low standard error values of estimated PK parameters; and (5) normally distributed weighted inter-individual and residual variability. Both the fixed and random effects were estimated from the final model. The precision of the population estimates was evaluated on the basis of relative standard errors (RSE%). The inter-individual variability was estimated in terms of the coefficient of variance (CV%).
Once the final PK/PD/DIS model was identified, visual predictive checks and stratified non-parametric bootstrapping were used to validate the parameter distribution and confidence of parameters. The parameters estimated from the final model were used to simulate 500 datasets. The 5th and 95th percentiles (prediction intervals) of simulated anakinra plasma concentrations and paw sizes in CIA rats at times corresponding to the observed values were calculated and plotted for comparison with observed values [25, 26] . For stratified non-parametric bootstrapping, 500 datasets were sampled randomly by group from the original dataset followed by fitting using Perl-speaks-NONMEM (PsN, version 3.2.4) [27] [28] [29] . The fittings were used to calculate the median and 90% confidence intervals for the model parameters. The percentage of successful convergences for the bootstrap replicates was monitored.
Results
In the CIA rat study, no significant differences were observed in body weight-time profiles across the four treatment groups.
Pharmacokinetics
The ANOVA of dose-normalized AUC values across the three long-term dosing groups showed linearity in the dose range of 10-100 mg/kg and no significant difference in clearance between healthy and CIA rats. Time courses of anakinra plasma concentration in healthy and CIA rats are presented in Fig. 2 . Intensive PK profiles in healthy rats indicated that anakinra was absorbed very slowly in the first 2 h post-dosing followed by rapid absorption to steady-state showing an overshoot of plasma concentrations at around 8 h. After removal of mini-pumps, anakinra concentrations declined biexponentially. No significant differences in dosenormalized AUC were observed across the 10, 20, and 100 mg/kg doses, which demonstrated linear elimination and consistency between healthy and CIA rats.
The final estimates are listed in Table 1 . The T lag was fixed as 2 h, which suggests rats need this period to recover from anesthesia. The first-order absorption rate (k a ) was estimated to be 0.39 l/h, while k 0 was 0.015 mg/h/kg, which indicates that most of the drug was absorbed by a first-order process considering the duration. The steady-state was reached quickly (*12 h) during SC infusion. The distribution clearance (CL d ) was estimated to be 4.17 mL/h/kg, which reflects very slow distribution between plasma and tissues. The residual error was estimated to be 44.6% in the proportional error model. The precisions for all parameters in the PK model are less than 50% except for inter-individual variability of CL (122.6%).
Pharmacodynamics and disease progression
Time courses of paw size in CIA rats are displayed in Fig. 2 . There was no significant difference in AUEC from day 0 to 21 among the four treatment groups. Significant differences in AUEC from day 21 to the end of study (P \ 0.05) were found between control and each of the two long-term dosing groups. No significant difference in AUEC from day 21 to the end of study was observed between short-term dosing and control groups. The time course of paw size in control CIA rats exhibited four characteristics: slow increase from induction to approximately 14 days (long time delay after induction), rapid increase until reaching a peak on day 21, then dropping slowly due to natural remission, and finally reaching a new disease steady-state.
The final estimated parameters for this PD/DIS model ( Fig. 1 ) are listed in Table 2 . The k growth was fixed as 0.013 mm 2 /h as reported by Earp et al. [17] . Logistic growth rate constant (k dis ) and maximum effect of natural remission (E maxr ) were estimated to be 26.2 and 0.954 with a correlation coefficient of 0.98, which means the two parameters are competing to simultaneously account for the paw size at the new disease steady-state. Paw size at 50% of maximum remission (EC 50r ) was estimated to be 14.9 mm 2 , which indicates that feedback inhibition on paw growth is evident after paw size reaches 14.9 mm 2 above baseline. Maximum effect of anakinra on paw size (I maxd ) was 0.279 and anakinra concentration at the IC 50d was 49.4 ng/mL, which means paw swelling is modestly relieved by anakinra with the potential of a 28% reduction, but sensitive to anakinra. Only inter-individual variability associated with k dis among parameters related to disease steady-state was estimated (7.0%). The inter-individual variabilities associated with Paw 0 , k t , and k in were very low. Such variability associated with I maxd was 47.5%, which suggests moderate variability in drug effects in these rats from the same strain. The residual error in a proportional error model was small. No additional correlation between estimation parameters (correlation coefficient [ 0.8) was observed except for k dis and E maxr . Precision of all parameter estimations are less than 50%, which indicates that these parameters were reliably estimated.
Model evaluation and validation
The performance of the final PK/PD/DIS model fit is depicted in Fig. 3 . The scatter plots of population-and individual-predicted concentration and paw size versus observed values showed no major bias, and most weighted residuals lay within an acceptable range (-2 to 2). The bias of a few concentration points was due to failed fitting of the overshoot on the first day after implantation surgery. The PK/PD/DIS data for all treatment groups were simulated to form 500 datasets using the same experimental design and parameter estimates obtained with the FOCEI method. The 5th and 95th percentiles (prediction intervals) of the simulated data were calculated and plotted against the observed concentrations or paw size values as shown in Fig. 4 . The model adequately predicted the observed data because the prediction interval included most of the observed anakinra concentrations and paw size values. The nonparametric stratified bootstrapping Tables 1 and 2 . Twenty-six runs with minimization terminated and 136 runs with estimates near a boundary were skipped when calculating the bootstrap results. The bootstrap analysis showed the original PK/PD/DIS model for anakinra effects and disease progression to be stable and the estimated parameters to be precise except for the estimate of IC 50d , which shows a wide 90% CI. 
Discussion
Pharmacokinetics
Since its approval in 2001, anakinra has been used for patients with moderate to severe RA, especially those who failed to respond to DMARD [22, 30] . It has proven to be a relatively safe and modestly efficacious biologic therapy for RA [31] . Fig. 4 Visual predictive checks for PK (left) and PD (right) estimation by treatment groups after SC infusion of anakinra (circles: observed value; area between dashed lines: 5-95% percentiles; solid line: median; a healthy rats for PK and control CIA rats for PD; b 100 mg/kg 9 1 day in CIA rats; c 100 mg/ kg 9 7 days in CIA rats; d 10 mg/kg 9 7 days in CIA rats)
The PK of anakinra has been extensively investigated [20, 21, [32] [33] [34] . Anakinra is absorbed rapidly followed by bi-exponential disposition after SC injection in humans [32] . The SC bioavailability was reported as 100% in rats and 95% in humans [21, 22] . Elimination of anakinra occurs mainly through the kidney by glomerular filtration (GFR) and subsequent degradation based on a 3 H-labeled study in rats [33] . Its disposition is severely influenced by kidney function in humans [20] . The drug is eliminated rapidly in both rats and humans with an elimination half-life of 4-6 h [22, 32] . No immunogenicity was found in humans and rats after 8-day treatments [34, 35] .
In the present study, anakinra was given by SC infusions using mini-pumps to maintain target concentrations because of its short elimination half-life. Protein drugs are mainly absorbed through convective transport by lymph flow and diffusion across blood vessels near the injection site [36] . The former is very sensitive to local movement and activity [37] and the latter contributes minimally to the absorption of anakinra because of few blood vessels around the infusion site between the shoulder blades. Therefore, the slow absorption in the first 2 h may be caused by the reduced lymph flow during anesthesia. After rats awoke, the drug was absorbed quickly with k a = 0.39 1/h with moderate inter-individual variability (41.7%). Similar variability of k a was also observed for three protein drugs after SC doses in humans (from 40 to 53%) [38] . The systemic clearance was estimated to be 649 mL/h/kg with low inter-individual variability (10.7%), which is comparable to rat GFR (312 mL/h/kg) [39] . The rat CL is approximately four times greater than human plasma clearance (150 mL/h/kg), reasonable for inter-species GFR differences.
Pharmacodynamics and disease progression
After being triggered by genetic or environmental factors, a latent phase of years with only immune responses evident first develops in humans followed by the emergence of pathological inflammatory symptoms of RA, such as joint destruction, infections, or osteoporosis [2] . Many cells (T cells, B cells, and macrophages) and their products (cytokines, rheumatoid factors, and chemokines) are involved. This disease progression can be mimicked in a short time frame by the CIA model in rats [12, 13] . In order to describe the long delay before rapid disease worsening, two separate phases with a constant growth rate (zero [23] or k grow [24] ) followed by an inhibitory drug effect have been proposed. The fitting results were adequate, but the assumptions that paw size does not increase in the absence of disease or increases at a constant rate before disease onset were not optimal. These models produced a sudden change of paw size after disease onset. Gamma functions [40] and an empirical biexponential equation [41] have also been utilized to capture the long delay of inflammatory disease. However, in comparison to transduction models, they are less flexible when dose-response relationships, receptor dynamics, and efficiency of the transduction process are factors [42] . A transduction-based model could be used to capture the long delay and rapid increase after disease onset of paw size in a more natural way because it mimics the underlying PD/DIS pathway with a series of signal transduction steps to link these signals to the disease endpoint in the absence of information about key mediators [43] . A recently published model incorporated a positive feedback function (cell growth) and four transduction compartments to capture the rapid increase of paw size after disease onset and the delayed natural remission after the paw size peak in CIA rats [44] . However, this model did not capture the long delay of disease onset and does not yield an accurate natural remission parameter. The assumption that natural remission depends on time rather than the increasing magnitude of paw size is also not mechanistic.
We collected paw size data up to 47 days after induction which allows us to describe the full disease progression and drug effects. The four characteristics of the time frame of paw sizes were well-captured using a transduction-based feedback model with logistic growth rate (Fig. 1) . Natural growth in healthy rats was also incorporated. Nineteen transduction compartments (T 1 -T 19 ) were needed to account for the time delay to sharp increase of paw size and 5 more transduction compartments (T 21 -T 25 ) were used to account for the time delay of natural remission after disease onset. The number of transduction compartments was determined by trial-and-error. A logistic growth rate constant (k dis ) was employed to capture rapid increases in paw size followed by a new disease steady-state, which was also used to describe the IL-1b mRNA time course in CIA rats [17, 18] . Without the natural remission feedback, paw size was estimated to increase by 26.2-fold above baseline. A nonlinear negative feedback linking the paw size difference between baseline and disease was utilized to capture the natural remission. A larger paw size will produce greater feedback, but the negative feedback function cannot obviate the entire paw swelling (0.954 of E maxr ) due to irreversible damage of the paw after collagen induction. In this model, we needed to consider the interaction of the logistic growth rate constant and feedback function. Because of the relationship of disease growth and remission in the present study, k dis was highly correlated with feedback parameters (E maxr and EC 50r ).
The drug effects were described by indirect response model I, which has been extensively applied in PK/PD modeling [45, 46] and agrees with the nature of drug action, i.e., inhibition of IL-1b, which is one factor producing paw swelling. A different transduction rate (from T 19 to paw size, k in ) was needed to fit paw sizes. Anakinra dosing with 100 mg/kg/day for more than 10 days was reported to reduce paw swelling by at least 70% in female CIA rats [47, 48] . In those studies, anakinra was given shortly after disease onset. Both IL-1b and IL-1Ra have a high affinity with IL-1 receptor I. However, approximately 10-fold greater concentrations of IL1Ra than IL-1b were required to produce 50% inhibition [7, 8] . Our previous CIA rat studies [17, 18] showed that IL-1b mRNA reached a concentration peak on day 21 post-induction with expression about 1,000 times greater than baseline values. The same inhibition effect, dosing at the IL-1b concentration peak (present study), requires much more IL-1Ra than earlier dosing, which partly explains these efficacy differences. The IL-1b plays a critical role in disease progression of RA in both rats and humans; however, RA patients do not show the same positive outcome as CIA rats treated at disease onset. The present CIA rat study demonstrates modest efficacy as do human studies. Timing of drug administration appears to be of considerable importance. The IC 50d was estimated to be 49.4 ng/mL, which is comparable to a previous study with an effective concentration of about 200 ng/mL in CIA rats [47] .
The mean plasma anakinra concentration at 12 h after SC injection of 2 mg/kg/day anakinra (efficacy dose) in humans was about 70 ng/mL [34] , which is also close to the IC 50d in our study. However, bootstrap validation results showed a large variance in estimation of IC 50d , which indicates its estimation varied across different datasets. It is understandable because all steady-state concentrations in the three dosing groups are much higher than IC 50d and only few paw size data were obtained when anakinra plasma concentrations were low.
The PK/PD/DIS data were simultaneously fitted first by a naïve pooling approach using the maximum likelihood algorithm in ADAPT 5 [49] . A proportional error model was used. All parameter estimations were comparable with NONMEM results; however, precisions of several estimates were higher than 50%. Simultaneous PK/PD/DIS modeling is considered to be the gold standard and was also tested with our data [50, 51] . However the estimation was worse than sequential fitting with the objective function value 700 points higher and 440 mL/h/kg as an estimate of CL. This could be caused by the unbalanced amount of data between PK and PD, which causes NONMEM to more highly weight the latter. The PK data in the four groups were thus fitted simultaneously to obtain individual PK parameters, which were then fixed for the PD/DIS modeling. The diagnostic plots (Fig. 3) and validation results (Fig. 4, Tables 1 and 2 ) showed that the fitting results were acceptable.
Conclusions
A model describing the PK/PD, as well as the disease progression of paw size in CIA rats, was developed. The PK profiles of SC infusions of anakinra were described by a two-compartment model with two sequential absorption processes and linear elimination. The PD/DIS effects of anakinra and disease progression on paw size were characterized by an IDR model (inhibition of production of response) combined with a new transduction-based feedback model incorporating a logistic growth rate constant. One-day dosing of anakinra did not produce a significant decrease of paw size in CIA rats, while long-term dosing with 10 or 100 mg/kg/day doses offered significant but modest effects on paw size. Such effects of anakinra and the substantial inter-individual variability in rats complicated this modeling task. The present PK/PD/DIS model can capture both PK and PD of anakinra in CIA rats reasonably well. It serves as a basis for future studies where additions of biomarkers (such as receptor activator of nuclear factor kappa-B ligand (RANKL), osteoprotegerin (OPG), and PGE 2 ) and other disease endpoints (such as bone mineral density and body temperature) will allow quantitative assessment of the PK/PD/DIS behaviors of cytokine blockers in RA animal models in a more mechanistic manner.
